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Porous fused silica ceramics which had been partially devitri-
ﬁed to cristobalite were stronger at 350°C in the beta-cristoba-
lite stability range, but weaker at 25°C after the
transformation to alpha-cristobalite. The tensile strength distri-
bution for diﬀerent cristobalite fractions are compared for
three types of specimens. These were beta-cristobalite samples
which had never been transformed to alpha-cristobalite; room-
temperature samples with alpha-cristobalite; and samples at
350°C which had retransformed to beta-cristobalite after prior
transformation to alpha-cristobalite. The alpha-cristobalite
samples displayed 50%–75% the strength of samples tested on
beta and the diﬀerence in strength was dependent on cristoba-
lite content. Specimens retransformed to beta-cristobalite had
strength similar to virgin specimens. Microcracking associated
with the transformation to alpha-cristobalite contributes to the
strength changes but cannot fully explain the impact of the
beta–alpha transformation on strength.
I. Introduction
FOR at least a century it has been known that devitriﬁca-tion of amorphous fused silica to cristobalite weakens
sintered silica.1,2 This weakening is typically attributed to mi-
crocracking of the cristobalite caused by the phase transition
from the high-temperature, cubic beta-cristobalite polymorph
to the low-temperature, tetragonal alpha-cristobalite. The
transformation to alpha, occurring near 250°C, has approxi-
mately a 5% volumetric reduction, which is known to cause
microcracking.3,4 The eﬀect of cristobalite on the strength of
sintered silica was reported for slip cast porous silica by
Walton and Paulos5 and by Wan et al. on sintered gel cast
silica.6 Cristobalite lowered the strength of the silica. It is
plausible to attribute the weakening of cristobalite on cooling
to microcracks.
Porous sintered silica is an important refractory material,
often used in the investment casting of superalloy airfoils. In
service, the fused silica is crystallized to beta-cristobalite to
suppress sintering shrinkage and creep deformation.7–11 Kaz-
emi et al. and Kim et al. have independently reported on the
ﬂexural strength of partially crystallized and uncrystallized
material, but they did so in refractory mixtures including zir-
con and other additives.8,9,12 Taylor et al. investigated the
role of cristobalite development on sintering shrinkage at
high temperature.11 Bae discusses the strength of sintered
silica produced by ceramic stereolithography.13 Although
cristobalite reduces the room-temperature strength of silica-
based investment casting molds, this weakening is a necessary
trade oﬀ for the creep and sintering suppression provided by
the crystalline phase. For this application, the cristobalite-
containing ceramics are cooled to room temperature, then
reheated to transform back to beta-cristobalite. It is not clear
how the strength would respond to if the cristobalite were
heated to reverse the transformation.
In this study, we consider porous sintered silica which has
partially devitriﬁed to cristobalite, with emphasis on the
eﬀect of the cristobalite transformation on strength. The
strength is measured at 350°C, above the beta-to-alpha trans-
formation temperature, in material which was never cooled
following cristobalite formation and compared with the room
temperature strength, below the beta–alpha transition tem-
perature. To our knowledge the strength of material contain-
ing beta-cristobalite which had never been cooled through
the beta–alpha transition has not been previously reported.
Finally, we examine the strength of partially crystallized sil-
ica which had been cooled to alpha-cristobalite, then heated
to 350°C and converted back to beta-cristobalite.
II. Experimental Procedure
(1) Methods
Disks of sintered silica were prepared under conditions to
achieve similar porosities, but various degrees of devitriﬁca-
tion to cristobalite. The strength of these were determined in
the stability range of beta-cristobalite at 350°C (Condition
A, labeled “beta”); after transformation to alpha-cristobalite
at room temperature (Condition B, labeled “alpha:); and for
samples that had transformed to alpha, but were reheated to
return to beta-cristobalite and tested at 350°C (Condition C,
labeled “alpha–beta–alpha”). To assess whether the changes
in strength was due to the cristobalite transformation, or
simply the diﬀerence in testing temperature, we compare the
strength fully amorphous specimens at 25°C and 350°C.
(2) Materials
This study was conducted with a commercially available
amorphous silica powder (TECO-Sphere-Microdust; CE
Minerals, Greenville, TN). The powder is of 99.7% purity
and is 95% amorphous with a 5% residual crystalline quartz
fraction resulting from incomplete amorphization. The pow-
der consists predominantly of 5–20 lm particles with a
spherical morphology, with small (<5% each) fractions of
larger 20–50 lm particles and ﬁne submicrometer particles.
Details of the powder characteristics were previously
reported.14
(3) Annealing and Testing Procedure
The specimens were disks with approximate dimensions of
25 mm diameter and 6 mm thickness. These were produced
by pressing the powder without binder at 30 MPa. To
provide suﬃcient strength for handling the as-pressed pellets
were annealed at 1100°C for 1 h in a box furnace. This
presintering did not result in any crystallization and
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produced a stronger pellet with 25% open porosity as deter-
mined by Archimedes method, ASTM C-373-88.
Cristobalite phase fraction was determined by quantitative
X-ray diﬀraction using an internal standard of TiO2 anatase
by the method previously reported.14 The microstructure of
the partially crystallized sintered silica was examined using
polished cross sections. Annealed samples of known alpha-
cristobalite content were impregnated with epoxy to ﬁll the
porosity, sectioned, and polished to 0.05 lm ﬁnish. The
microstructure of the sintered samples was investigated by
scanning electron microscopy using backscattered electron
imaging under conditions where there was some contrast
between the amorphous silica and the cristobalite.
To determine the strength of silica with beta-cristobalite,
we use samples which have never been cooled below the
250°C phase transformation, and so have not yet suﬀered the
associated microcracking. These virgin beta-cristobalite speci-
mens were prepared by sintering fused silica powder com-
pacts at 1100°C in the mechanical testing machine to achieve
a relative density of 88  2% and the desired cristobalite
fraction. Each specimen was cooled to 350°C and its strength
was determined as the “indirect tensile strength” using the
Diametral Compression Test method.15–21 For this technique,
a load applied along the diameter produces a tensile stress in
the diameter plane which is as follows17:
rdia ¼ 2PpDt (1)
where P is the applied load, D is the disk diameter, and t the
disk thickness.
A high-temperature anneal and subsequent mechanical
testing were conducted on an Instron (Norwood, MA) 4483
screw-driven electromechanical test frame and attached
Applied Test Systems (Butler, PA) “clam-shell” style high-
temperature furnace. Samples were annealed under ambient
laboratory air at temperatures of 1100°C–1400°C for isother-
mal hold times of 20 min to 8 h on a bed of cristobalite
powder on an alumina plate. Samples for Condition A,
tested in the beta-cristobalite, phase were cooled to 350°C
for testing. As the transition from beta–alpha-cristobalite is
observed to occur between 200°C–273°C,3 the test tempera-
ture of 350°C allowed testing of samples in the stability
range of beta-cristobalite. Samples for Condition B were
tested in the alpha-cristobalite phase were cooled to room
temperature (about 25°C). Samples for Condition C were
tested in the beta-cristobalite stability range, but had after
previously passed the beta–alpha transition, referred to as
beta–alpha–beta, were cooled to 25°C for 60 min and then
reheated to 350°C for testing.
The samples were placed upright on an alumina platen
with forceps and the furnace was closed. Contact with the
sample was made between the lower alumina platen and the
upper alumina push rod of the furnace to load the sample
along the vertical diameter. Testing was conducted under
displacement control at a crosshead speed of 0.015 mm/s.
Following failure, the sample was removed from the furnace
and inspected for their fracture mode. We only report the
results from samples with an obvious vertical diametral frac-
ture resulting from diametral tension, as the stress could be
calculated with Eq. (1). Some specimens failed in compres-
sive crushing or other modes for which the stress state was
not known. These samples were discarded.
III. Results
Table I presents porosity, number of samples, and the med-
ian and mean strength values and Weibull parameters for
samples with no cristobalite, a small amount (1%–20%),
intermediate amounts (20%–80%), and samples that are
mostly cristobalite (80%–100%)in the three conditions, A, B,
and C. The ﬁnal density of the samples depended on the
annealing time and temperature. It was not possible to sepa-
rate the concurrent phenomena of sintering densiﬁcation and
crystallization to cristobalite. Samples annealed at 1100°C,
corresponding to 0% cristobalite phase fraction, had
25  1% open porosity. Samples annealed at 1200°C, corre-
sponding to >0% but <1% cristobalite phase fraction, had
23  1% open porosity. Samples annealed at 1275°C–
1375°C, corresponding to 8%–92% cristobalite phase frac-
tion, had 17  2% open porosity. Samples annealed at
1400°C, corresponding to 100% cristobalite phase fraction,
had 14  1% open porosity.
For each specimen we have the value of strength, cristoba-
lite fraction, and sintered density. As there is considerable vari-
ation in the strength values, the strength data are presented as
cumulative strength distributions, as fraction of specimens that
are weaker than a particular strength value. The sets of tensile
strengths are rank-ordered, expressed as a fraction of the pop-
ulation, and plotted directly so that the complete distributions
can be compared for diﬀerent ranges of cristobalite content.
The diﬀerences between Conditions A, B, and C are shown by
the shifting of the cumulative strength distributions. A two-
parameter Weibull distribution was ﬁt to the strength data.
(1) Strength at 25°C and 350°C with No Cristobalite
To establish whether testing temperature changes the
strength we examined fully amorphous samples with no cris-
tobalite. These samples were annealed at 1100°C where pre-
vious kinetic studies have shown cristobalite will not form.14
This was conﬁrmed by X-ray diﬀraction, which showed no
measurable cristobalite content. The porosity in these
1100°C samples was 25  1%, so the strengths of these sam-
ples cannot be compared with the denser specimens sintered
at higher temperature. Figure 1 shows the cumulative
strength distribution for cristobalite-free material measured
at 25°C compared with the strength measured at 350°C. The
Table I. Mean and Median Observed Strength, Porosity, and Number of Observations N for Selected Ranges of Cristobalite
Content
% Cristobalite Median r (MPa) Mean r (MPa) % Porosity N Weibull modulus, m Characteristic strength, ro
Condition A: beta 0 0.45 0.52 25  1 13 — —
1–20 5.4 5.1 18  2 24 2.7 5.7
20–80 6.6 7.6 18  2 40 2.6 9.3
80–100 6.0 7.8 16  3 25 2.4 8.8
Condition B: alpha 0 0.46 0.50 25  1 12 — —
1–20 2.9 3.8 18  2 22 2.1 4.2
20–80 3.0 3.4 18  2 33 6.0 2.9
80–100 4.3 4.9 16  3 29 2.4 1.5
Condition C: beta–alpha–beta 20–80 9.2 9.1 18  2 22 — —
80–100 5.7 7.3 14  1 5 — —
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cumulative distribution displays all the individual strength
values. The uncertainty of each value is about 2%, based on
the accuracy of the dimensions and fracture load measure-
ments. No error bars are shown in Fig. 1, as the error bars
are smaller than the symbols. The strength distributions are
very similar at these two temperatures, suggesting that there
is little eﬀect of temperature itself in the range 25°C–350°C.
Thus, we might expect for specimens that contain cristoba-
lite, that the diﬀerence between the 350°C strength (tested as
beta-cristobalite) and the 25°C strength (tested as alpha-cris-
tobalite) reﬂects the impact of the phase transformation, and
not a diﬀerence in the strength of the amorphous silica
itself.
(2) Strength of Specimens with Alpha-Cristobalite
Compared to Beta-Cristobalite
The strength of the porous silica is not very strongly depen-
dent on the amount of cristobalite. Figure 2a compares the
strength distributions at 350°C (Condition A with beta-
cristobalite) for specimens with a small amount of cristoba-
lite (1%–20%), and intermediate amount of cristobalite
(20%–80%), and a substantially cristobalite (80%–100%).
The distributions for the latter two are quite similar, and are
somewhat stronger than the samples with a small cristobalite
fraction. In the alpha-cristobalite case (Condition B), the
strength distributions do not change signiﬁcantly with cristo-
balite content, as shown in Fig. 2b. The data presented in
Fig. 2 must be considered carefully as the porosity varied
with cristobalite content. It was found to be impossible to
separate the concurrent phenomena of sintering and crystalli-
zation to cristobalite. As a result the material with higher
cristobalite content is also denser. The mean porosity values
can be seen in Table I. There is a signiﬁcant diﬀerence in the
strength distributions for Condition A compared to Condi-
tion B. Figures 3(a)–(c) compares the strength at 350°C
(Condition A with beta-cristobalite) with the strength at
25°C (Condition B with alpha-cristobalite). The strength data
are plotted as cumulative distributions for samples with a
small amount of cristobalite, 1%–20% [Fig. 3(a)], samples
with an intermediate amount of cristobalite, 20%–80%
[Fig. 3(b)], and samples that are mostly cristobalite, 80%–
100% [Fig. 3(c)]. In all cases, the strength distribution lies to
the left for alpha-cristobalite. For samples with a small
amount of cristobalite, 1%–20%, the material tested as vir-
gin beta-cristobalite is somewhat stronger than the material
tested as alpha-cristobalite having passed the beta–alpha
transition, with the material tested as alpha possessing 76%
the mean strength of material tested as beta-cristobalite. In
samples with moderate cristobalite content, 20%–80%, the
material tested as beta-cristobalite is signiﬁcantly stronger
than the material tested as alpha-cristobalite, with material
tested as alpha-cristobalite possessing 52% the mean strength
of material tested as beta-cristobalite. In samples nearly or
wholly cristobalite, 80%–100%, the samples tested as beta-
cristobalite are signiﬁcantly stronger than those tested as
alpha, but the diﬀerence is smaller than for samples with a
moderate cristobalite content. For these samples the material
tested as alpha possessed 63% the mean strength of material
tested as beta-cristobalite.
This same data are presented as a two-parameter Weibull
plots in Figs. 4(a)–(c). A regression line ﬁt through the data
shows that it is not well represented by a single two-parame-
ter Weibull distribution. However, it is apparent from the
Weibull plots that the material tested as beta is stronger than
the material tested as alpha, and the diﬀerence in strength is
greatest for moderate cristobalite content, 20%–80%. The
approximate values for the shape parameter or Weibull mod-
ulus (m) and characteristic strength (ro) are reported in
Table I. Samples with small amounts of cristobalite display
[Fig. 4(a)] m ~ 2.7 and ro ~ 5.7 MPa when the cristobalite
in beta phase (Condition A), and m ~ 2.1 and ro ~ 4.2 MPa
when the cristobalite in alpha phase (Condition B). Speci-
mens with intermediate amounts of cristobalite [Fig. 4(b)]
m ~ 2.6 and ro ~ 9.3 MPa when the cristobalite in beta
phase (Condition A), and m ~ 6.0 and ro ~ 2.9 MPa when
the cristobalite in alpha phase (Condition B). Specimens that
are mostly cristobalite [Fig. 4(c)] were ﬁt with the parameters
m ~ 2.4 and ro ~ 8.8 MPa when the cristobalite in beta
phase (Condition A), and m ~ 2.4 and ro ~ 1.5 MPa when
the cristobalite in alpha phase (Condition B).
Fig. 1. Cumulative strength distribution for samples with no
cristobalite at 25°C and at 350°C.
(a)
(b)
Fig. 2. Cumulative distribution of observed strengths for samples
with varying amount of cristobalite (a) eﬀect of cristobalite content
on strength in Condition A (350°C) as beta-cristobalite and (b)
Condition B (25°C) as alpha-cristobalite. Note that porosity varies
with cristobalite content.
May 2015 Strength of Sintered Fused Silica 1613
(3) Strength Following the Beta–Alpha Transition
Many times refractories used in casting applications are
ﬁred, cooled, and subsequently heated during casting. Pre-
sumably the ﬁrst transformation to alpha-cristobalite creates
microcracks. Subsequent reheating would transform the
cristobalite back to the beta phase, but it is not known what
eﬀect the micro-cracks formed during the transition to
alpha-cristobalite have in material that has been reheated to
the beta phase. To evaluate strength of sintered silica in the
beta-cristobalite phase in material which had been previously
cooled through the transformation to alpha-cristobalite, sam-
ples were cooled to 25°C following annealing, and then
reheated to 350°C for testing. These samples are referred to
as beta–alpha–beta in reference to their transformation his-
tory. In Fig. 5 the strengths of these beta–alpha–beta sam-
ples tested at 350°C are displayed alongside that of samples
tested at 25°C (alpha) and samples tested at 350°C having
never been cooled (beta). When the sintered silica is highly
crystalline, 80%–100% cristobalite, the beta–alpha–beta sam-
ples have a strength distribution which falls between the




Fig. 3. Cumulative distribution of observed strengths for samples
with varying amount of cristobalite illustrating diﬀerence in strength
between samples tested as beta-cristobalite and alpha-cristobalite. (a)
Small amount of cristobalite, 1%–20% (b) Moderate amount of




Fig. 4. Strength distribution as two-parameter Weibull distribution
for samples tested as beta-cristobalite compared to alpha-cristobalite
for varying cristobalite content. (a) Small amount of cristobalite,
1%–20%. (b) Moderate amount of cristobalite, 20%–80%. (c)
Mostly cristobalite, 80%–100%.
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tested at 350°C. The retransformed specimens tend to be
stronger than specimens with alpha-cristobalite, but not as
strong as the specimens which had never transformed. For
samples with samples with moderate cristobalite content,
20%–80%, these beta–alpha–beta samples appear to be
slightly stronger than the beta material which had never been
cooled. This result runs counter to a simple view of micro-
cracking reducing strength since the beta–alpha–beta samples
have been microcracked on cooling to alpha-cristobalite but
have actually increased in strength upon reheating to beta-
cristobalite.
(4) Microstructure
The sintered microstructure of a sample sintered at 1325°C
with 55% cristobalite content as imaged by secondary elec-
tron can be seen in Fig. 6. The powder still retains its char-
acteristic spherical particle morphology. The material is
lightly sintered with limited particle to particle contact,
retaining the appearance of sintered particles rather than a
porous solid. The polished section features large particles in
a matrix of the ﬁner particles. The larger particles are poorly
bonded to the matrix. Along the periphery of the large parti-
cles, the matrix appears to have shrunk away during sinter-
ing, leaving ﬁssures. Microcracks are obvious in the large
particles. Figure 6(b) is a fracture surface. The fracture has
passed around the large spherical particles and we see no
cracks passing through these larger particles. The fracture
path does not go through the large particles, so the micro-
cracks visible in the polished surface are not fracture origins.
Using backscatter electron imaging, the distribution of
cristobalite in the large particles can be seen with contrast
provided by the small diﬀerence in density between the crys-
talline and amorphous phase. Figure 7 shows the progression
of crystallization as cristobalite forms at the surface of the
large particles and develops into a shell around the amor-
phous core of the particles. It can be seen that at 50% cristo-
balite content a well-developed cristobalite shell surrounds an
amorphous core. In the particles displaying this core–shell
morphology the cristobalite shell displays extensive micro-
cracking. The cracks are seen to extend from the surface and
terminate in the vicinity of the crystalline-amorphous bound-
ary. This microcracking presumably occurs as a result of the
beta–alpha transition. There is not enough contrast between
to determine if the ﬁne particle matrix has retained amor-
phous silica or if it is fully cristobalite. It is plausible that the
ﬁne particle matrix is entirely converted cristobalite.
IV. Discussion
We are conﬁdent that the strength diﬀerence can be related
to cristobalite, because the strength of the amorphous sin-
tered silica (with no cristobalite) was essentially the same at
25°C and 350°C. Thus for cristobalite-containing samples,
we can attribute diﬀerences in the 25°C and 350°C strength
to diﬀerences in alpha-cristobalite and beta-cristobalite. The
transition to alpha-cristobalite signiﬁcantly reduced the




Fig. 5. Strength distribution comparing samples tested as beta-
cristobalite having previously been cooled through beta–alpha
transition (beta–alpha–beta) compared to samples tested as
untransformed beta and as alpha-cristobalite. (a) Moderate
cristobalite content, 20%–80% (b) mostly cristobalite, 80%–100%.
(a)
(b)
Fig. 6. SEM microstructure of sample sintered at 1325°C with 55%
cristobalite content by QXRD imaged by secondary election, SE,
imaging. (a) Polished cross-section (b) fracture surface.
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The sintered silica with alpha-cristobalite was signiﬁcantly
weaker than material with the same amount of beta-cristoba-
lite. This is consistent with the hypothesis that microcracking
from the transformation to alpha-cristobalite reduces the
strength. The ﬁnding that the strength of material tested as
alpha-cristobalite has 50%–75% of the strength of material
tested as beta is comparable to the results reported by
Kazemi et al. who found silica ceramics heat-treated to trans-
form to cristobalite had 75% of the ﬂexural strength of those
treated at lower temperature, which presumably had not
crystallized. The weakening eﬀect seems to be greatest for
intermediate cristobalite contents as seen in Figs. 3 and 4.
Microcracks are easily observed on the larger spherical
particles. Cristobalite nucleates on the surface of the sintered
particles and over the course of transformation forms a crys-
talline shell over an amorphous core as observed by others.7,8
Upon transformation, beta-cristobalite transforms into multi-
ple misoriented grains of alpha-cristobalite,22,23 with a 5%
volumetric decrease. For the case of large particles, such as
those developing a core–shell morphology in Fig. 7, this crys-
talline shell contracts around the static amorphous core on
transition from beta-cristobalite to alpha-cristobalite result-
ing in microcracking. However, the microcracks in the crys-
talline shells of the large particles are not necessarily related
to the strength changes. It is clear from Fig. 6 that the frac-
ture surface does not pass through the large particles. There-
fore microcracking of the larger particles does not play the
dominant role in determining strength. It is likely that the
ﬁne particle matrix also had microcracked alpha-cristobalite,
but we have no direct evidence for microcracks in the ﬁne
particle matrix. It is also unknown if the ﬁne matrix develops
a core–shell morphology of cristobalite forming around an
amorphous core as in the case of the larger particles. Unfor-
tunately, it was not possible to resolve the small density dif-
ference between the amorphous and crystalline material in
the ﬁne particle matrix. We are left with direct observations
of the cracking phenomena of the large particles which are
not involved in failure, but, unfortunately, we were unable to
resolve cracking or cristobalite-amorphous silica interfaces in
the ﬁne loosely sintered matrix due to the small particle size
and low sintered density of the material.
If microcracks from the alpha transformation were the
dominant ﬂaw in the sintered silica, one might expect that re-
transforming the cristobalite to the beta phase would close the
cracks, but not necessarily heal the cracks. The microcracks
which were opened on transition to alpha-cristobalite on ﬁrst
cooling would presumably close following the corresponding
volume expansion on transformation back to beta-cristobalite.
However, it is not likely that the damage associated with the
cracks could be healed at a temperature as low as 350°C, which
is very much lower than the characteristic softening point of
amorphous silica. We might expect that the retransformed
material at 350°C would be stronger than the room tempera-
ture alpha-cristobalite, weaker than the virgin beta-cristobalite
material at 350°C. However, we observe that the strength
distribution shifts to higher strength when room-temperature
samples are heated to retransform the cristobalite to beta-cris-
tobalite. The specimens that are mostly cristobalite (80%–
100%) are slightly weaker than the virgin beta-cristobalite
specimens, but stronger than the alpha-cristobalite specimens
tested at room temperature, which is consistent with this
expectation. However, samples with 20%–80% cristobalite
which have been cooled to alpha-cristobalite and reheated to
350°C and tested in the beta-cristobalite stability ﬁeld are in
fact stronger than those virgin samples that have never been
cooled through the beta–alpha transition. The apparent
strengthening observed in the material reheated to beta-cristo-
balite is not consistent with the hypothesis that strength of sil-
ica containing cristobalite is entirely associated microcracking
from the transformation to alpha-cristobalite.
V. Conclusions
The strength of fully amorphous porous sintered silica is the
same at 350°C and 25°C. Partially devitriﬁed sintered fused
silica containing cristobalite content is stronger at 350°C in
the beta-cristobalite stability ﬁeld and weaker at 25°C, after
the cristobalite transforms to alpha-cristobalite. Partially
devitriﬁed specimens cooled to alpha-cristobalite and subse-
quently reheated and tested at 350°C as beta-cristobalite was
stronger than material that had never cooled to alpha-cristo-
balite. Strength is recovered upon transformation of alpha-
cristobalite back to beta-cristobalite. The transformation to
alpha-cristobalite is associated with microcracking, but the





Fig. 7. SEM of microstructure by backscatter electron, BSE,
illustrating development of cristobalite morphology. Cristobalite is
observed to surface nucleate and grow as a crystalline “shell” around
the amorphous silica “core.” Cristobalite content of (a) 11%, (b)
50%, (c) 84%.
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